Therapeutic angiogenesis by delivery of vascular growth factors is an attractive strategy for treating debilitating occlusive vascular diseases, yet clinical trials have thus far failed to show efficacy. As a result, limb amputation remains a common outcome for muscle ischemia due to severe atherosclerotic disease, with an overall incidence of 100 per million people in the United States per year. A challenge has been that the angiogenic master regulator vascular endothelial growth factor (VEGF) induces dysfunctional vessels, if expressed outside of a narrow dosage window. We tested the hypothesis that codelivery of platelet-derived growth factor-BB (PDGF-BB), which recruits pericytes, could induce normal angiogenesis in skeletal muscle irrespective of VEGF levels. Coexpression of VEGF and PDGF-BB encoded by separate vectors in different cells or in the same cells only partially corrected aberrant angiogenesis. In marked contrast, coexpression of both factors in every cell at a fixed relative level via a single bicistronic vector led to robust, uniformly normal angiogenesis, even when VEGF expression was high and heterogeneous. Notably, in an ischemic hindlimb model, single-vector expression led to efficient growth of collateral arteries, revascularization, increased blood flow, and reduced tissue damage. Furthermore, these results were confirmed in a clinically applicable gene therapy approach by adenoviral-mediated delivery of the bicistronic vector. We conclude that coordinated expression of VEGF and PDGF-BB via a single vector constitutes a novel strategy for harnessing the potency of VEGF to induce safe and efficacious angiogenesis. 
Atherosclerotic coronary artery disease and peripheral vascular disease remain major causes of morbidity and mortality, despite medical and surgical advances, with a prevalence of 15-20% of all people Ͼ70 yr of age in the U.S. (1) . Therapeutic angiogenesis, the growth of new blood vessels promoted by delivery of vascular growth factors, is well accepted as a strategy that could fill this currently unmet medical need, but to date efforts to achieve this goal have largely failed. Challenges include the need to combine methods for efficient expansion of the microvasculature of ischemic tissue with enlargement of upstream collateral arteries (arteriogenesis) in order to restore blood flow to hypoxic muscle tissue.
Vectors that overexpress vascular endothelial growth factor (VEGF), the master regulator of angiogenesis, can drive robust angiogenesis, but the remarkably narrow dosage range of VEGF expression compatible with normal vessel formation has hindered its efficacious use (2, 3) . VEGF binds tightly to the extracellular matrix (4) and induces normal or aberrant vascular growth depending on its localized dosage in the microenvironment (3, 5) . Consequently, VEGF has the potential to induce significant adverse effects, such as increased blood vessel permeability with edema (6) , and aberrant vascular proliferation with angioma-like growth (7) if even rare "hotspots" of excessive expression occur (3) .
Expansion of the microvascular bed following VEGF delivery has been shown to lead to arteriogenesis by increasing blood flow and shear stress (8) and inducing upstream responses through retrograde conduction along vessel walls via intercellular gap junctions (9) . However, controlled clinical trials employing a variety of vectors and growth factors have failed to show clear efficacy (10) . Indeed, retrospective analyses have shown that when VEGF was delivered at a safe dose, it did not generate sufficient angiogenesis to correct cardiac or skeletal muscle ischemia (11, 12) . Therefore, the current conundrum is that increased VEGF levels are required to achieve beneficial effects, yet high expression levels readily lead to a loss of safety.
Why have the approaches used to date failed? Growth of normal blood vessels requires the complex interaction of multiple cell types and growth factors that are coordinated in time and space (13) . We postulated that a "well-tempered vessel"-like Bach's "well-tempered clavier"-could be achieved by balancing the effects of exogenously delivered VEGF with endogenous factors (14) . Blood vessel stability depends on the coordinated interaction of multiple signaling pathways in the endothelium and pericytes (13) . VEGF promotes endothelial cell growth, while platelet-derived growth factor-BB (PDGF-BB) stabilizes blood vessels by recruiting pericytes (13) . When blood vessel growth is induced by other proangiogenic factors, such as placental growth factor, fibroblast growth factor-2, and hepatocyte growth factor, VEGF is up-regulated (15) . Accordingly, therapeutic strategies that deliver a single angiogenic agent must inevitably depend on the availability of endogenous factors to achieve a balance. Without that balance, the new blood vessels are abnormal, unstable, and inefficient (2, 3, 14, 16, 17) . Delivery of VEGF alone can achieve such a balance, but only if its expression is tightly controlled in every transduced cell within a specific range of levels (2, 3, 5) , and this control has yet to be achieved with current gene therapy approaches.
Here we test the hypothesis that a combination of factors that promote both endothelial cell proliferation and pericyte recruitment, VEGF and PDGF-BB, can drive the growth of normal blood vessels and reverse muscle ischemia. Notably, we focused on angiogenesis in limb skeletal muscle, because this is the clinically relevant tissue in which ischemia occurs (12) . Indeed, the importance of this choice of target tissue is highlighted by the disparate effects of angiogenic growth factors seen by others in nonmuscle tissue microenvironments in which the local factor milieu likely differs (18, 19) . Our data suggest that a bicistronic vector encoding VEGF and PDGF-BB in a fixed balanced ratio will constitute an efficacious viral vector-mediated gene therapy strategy for the treatment of debilitating muscle ischemia associated with atherosclerotic vascular disease.
MATERIALS AND METHODS
Cell culture C57BL/6 mouse primary myoblasts, already transduced to express the ␤-galactosidase marker gene from a retroviral promoter (20) , were further infected at high efficiency, as described previously (7), with retroviruses expressing murine VEGF 164 , or human PDGFb, or both. Early-passage myoblast clones were randomly isolated using a FacStar cell sorter (Becton Dickinson, San Jose, CA, USA) as described previously (3), and single-cell isolation was confirmed visually. All myoblast populations were cultured in 5% CO 2 on collagencoated dishes as described previously (20) .
VEGF and PDGF-BB ELISA measurements
The amounts of mVEGF 164 and hPDGF-BB in cell culture supernatants and whole-muscle tissue lysates were quantified using specific ELISA kits (R&D Systems, Abingdon, UK) as described previously (3) . Briefly, cell culture supernatants (nϭ4) were harvested after 4 h incubation with fresh medium supplemented with 10 g/ml heparin to prevent retention of PDGF-BB on the cell surface. Results for VEGF and PDGF-BB are expressed relative to the number of cells and time of incubation (ng/10 6 cells/d). The results for tissue lysates were normalized for the total amount of protein, quantified with the BC protein assay (Bio-Rad, Reinach, Switzerland).
In vivo myoblast implantation
Severe combined immunodeficiency (SCID) CB.17 mice (6 -8 wk old; Taconic, Germantown, NY, USA) were treated in accordance with the U.S. National Institutes of Health and Swiss federal guidelines for animal welfare, with protocols approved by the Stanford University Administrative Panel on Laboratory Animal Care and the Veterinary Office of the Canton Basel-Stadt. Myoblasts (5ϫ10 5 ) in 5 l of PBS with 0.5% BSA were injected into the tibialis anterior (calf) or the auricularis posterior (dorsal aspect of the external ear) muscles using a 29½-gauge needle.
Recombinant adenovirus production
Recombinant adenoviruses expressing either mouse VEGF 164 , human PDGF-BB, or both in a bicistronic cassette were produced using the Adeno-X Expression System (Clontech, SaintGermain-en-Laye, France) according to manufacturer's recommendations. All adenoviral constructs also expressed a truncated version of CD8 as a marker gene. Briefly, target genes were cloned into the pShuttle vector, subcloned into the Adeno-X viral DNA, and used to transfect HEK293 cells with Fugene HD reagent (Roche Applied Science, Basel, Switzerland). After 1 wk, viral particles were collected from transfected cells by repeated freezing-thawing and used for reinfection of fresh HEK293 cells. After 4 -5 lysis and infection cycles, viral particles were collected and purified by a double cesium chloride gradient. Viral titer was determined as infectious units after serial infection of HEK293 cells at different multiplicities of infection, as described previously (21) . Adenoviral vectors were diluted in physiological solution and injected in ear and hindlimb muscles of SCID mice at the titer of 1 ϫ 10 8 infectious units/injection.
Tissue staining
The entire vascular network of the ear was visualized by intravascular staining with a biotinylated Lycopersicon esculen-tum lectin (Vector Laboratories, Burlingame, CA, USA) that binds the luminal surface of all blood vessels, as described previously (3). Mice were anesthetized, lectin was injected intravenously, and 2 min later, tissues were fixed by vascular perfusion of 1% paraformaldehyde and 0.5% glutaraldehyde in PBS (pH 7.4). Ears were removed, bisected in the plane of the cartilage, and stained with X-gal to detect implanted myoblasts. Vessels were stained with avidin-biotin complexdiaminobenzidine histochemistry (Vector Laboratories, Burlingame, CA, USA), dehydrated through an alcohol series, cleared with toluene, and whole-mounted on glass slides with Permount embedding medium (Fisher Scientific, Wohlen, Switzerland). For tissue sections, mice were sacrificed by cervical dislocation. Tibialis anterior muscles were harvested and frozen in optimal cutting temperature (OCT) compound (Sakura Finetek, Torrance, CA, USA). Sections were stained with X-gal or with hematoxylin and eosin (H&E). Immunostaining was performed using the following antibodies and dilutions: rat monoclonal anti-mouse CD31 (BD Biosciences, Basel, Switzerland; 1:100); mouse monoclonal anti-mouse ␣-smooth muscle actin (␣SMA; MP Biomedicals, Basel, Switzerland; 1:400); rabbit polyclonal anti-nerve/glial antigen 2 (NG2; Chemicon International, Chandlers Ford, UK; 1:200); chicken polyclonal anti-laminin (Abcam, Cambridge, UK; 1:200). Fluorescently labeled secondary antibodies (Invitrogen, Basel, Switzerland) were used at 1:100. As areas of effect did not extend to the whole muscle but were limited to the implantation sites, areas of engraftment were unequivocally identified by tracking implanted myoblasts by X-gal staining in serial parallel sections. Images were acquired with an Olympus BX61 epifluorescence microscope (Olympus, Tokyo, Japan) and AnalySIS D acquisition software (Soft Imaging System, Münster, Germany) at the lowest magnification that could adequately reveal the structure of the induced vessels. Composite fluorescent images were generated by overlaying the different channels with Adobe Photoshop CS2 (Adobe Systems, San Jose, CA, USA).
Vessel measurements
Vessel length density (VLD) and diameters were measured in whole mounts of lectin-stained ears as described (3) . Vessels were randomly chosen by overlaying microscopic images with a computer-generated grid, and 200 -300 total vessel diameters were measured from 4 -5 ears/group. VLD was measured on 3-6 fields/ear and 4 -5 ears/group by tracing the total length of vessels with AnalySIS D software (Soft Imaging System) and dividing it by the area of the fields. In ischemia experiments VLD was measured on cryosections of the distal thigh muscles (quadriceps femoris and adductor muscles), immunostained for CD31, on 3 randomly acquired images per group. Centerlines of vessels were manually drawn as described previously (3), quantified using calibrated Openlab image analysis software (Improvision, Lexington, MA, USA) and normalized to the number of muscle fibers.
Plasma leakage measurements
Evans blue assays were performed as described previously (6) . Briefly, Evans blue dye (30 mg/kg in 100 l PBS; J. T. Baker, Phillipsburg, NJ, USA) was injected i.v. After 4 h, mice were perfused with 1% paraformaldehyde in 0.05 M citric acid (pH 3.5). Biopsy punches (6 mm) of ears were obtained (Sklar Instruments, West Chester, PA, USA). Evans blue was extracted from tissue with formamide at 55°C overnight and measured with a spectrophotometer at 610 nm. Plasma leakage was measured at 4, 7, and 14 d after myoblast implantation and expressed as nanograms of dye per milligram of tissue wet weight (nϭ5). Total leakage was also normalized to the total vascular surface induced by the different myoblast populations in similarly injected ears (nϭ4 -5 ears/condition). Total vascular surface was estimated as the product of average vessel perimeter ( ϫ average diameter, measured as described above) and total vessel length (VLD, measured as described above, multiplied by the total area of effect measured on low-magnification microscopic pictures). Normalized leakage was expressed as nanograms of dye per square millimeter of vascular surface in the area of effect (nϭ5).
Hindlimb ischemia
Male SCID CB.17 mice (16 -20 wk old) were treated according to the guidelines of the Stanford University Administrative Panel on Laboratory Animal Care. Mice were maintained under isoflurane anesthesia. Unilateral hindlimb ischemia was induced by ligation and transection of the medial portion of the right superficial femoral artery distal to the deep femoral artery origin as described previously (5) . Mice were randomized to receive either vehicle or 8 ϫ 10 6 total myoblasts suspended in 0.5% BSA in PBS, as 8 injections into the distal thigh muscles (5-7 mice/group).
After 14 d, blood flow was measured using fluorescent microspheres (5) . Red fluorescent microspheres (2ϫ10 5 , 15 m diameter; Invitrogen) were continuously injected over 60 s into the beating left ventricle. The heart was perfused with Tris-HCl buffer containing Na ϩ , Ca 2ϩ , Mg 2ϩ , and 0.1% adenosine (2 min), followed by 1.5% formaldehyde (2 min). The thigh muscle group (adductor and quadriceps) was excised, cut in midthigh, weighed, and snap-frozen in OCT compound. Microspheres were individually counted by direct fluorescence microscopy on 100-m cryosections from the entire distal thigh muscles, where the different myoblast populations had also been implanted. These sections were serial to those used for histological analysis of vascular morphology. Microsphere counts were normalized by muscle weight, and the counts from the ischemic leg were expressed as a percentage of those in the contralateral, nonischemic leg. Kidneys were analyzed as reference organs to confirm equivalent bilateral microsphere distribution.
Collateral vessels Ն30 m in diameter were quantified on cross sections of the proximal adductor muscle by costaining for CD31 and ␣SMA (5). Damaged muscle was identified on H&E-stained cryosections of the calf muscles as either inflammation (mononucleated cell infiltrates) or necrosis ("ghost fibers" lacking nuclei). Areas were manually drawn on digital images and quantified using calibrated Openlab image analysis software.
Protein isolation and quantification
Whole fresh mouse muscles were disrupted using a Qiagen Tissue Lyser (Qiagen, Hombrechtikon, Switzerland) in 500 l of PBS ϩ 1% Triton X-100, supplemented with Complete Protease Inhibitor Cocktail (Roche Diagnostics, Rotkreuz, Switzerland), which does not denature proteins or lyse nuclei. After centrifugation, 200-l aliquots of the lysates were used for protein quantification and ELISA analysis.
Statistics
Data are presented as means Ϯ se. The significance of differences was evaluated using analysis of variance (ANOVA) followed by the Bonferroni test. Values of P Ͻ 0.05 were considered statistically significant.
RESULTS

Uncoordinated VEGF and PDGF-BB codelivery results in both normal and aberrant angiogenesis
We first investigated the effects of expressing either VEGF or PDGF-BB alone on angiogenesis. For this purpose, we employed a previously described model system entailing primary mouse myoblast-based gene delivery (20) , which allows expression of genes in a spatially and temporally controlled manner. ␤-Galactosidase-expressing cells were further transduced to produce either an isoform of VEGF-A (VEGF 164 , designated here as VEGF) or PDGF-BB linked to a truncated cell surface marker CD8a, whereas control cells were transduced with CD8a only (V, P, and CD8, respectively, Control cells or PDGF-BB alone had no effect on angiogenesis (Fig. 1B, C) , while VEGF alone induced abundant aberrant structures (Fig. 1D) , which later evolved into large angiomas.
We tested whether coimplantation of a mixture of VEGF-and PDGF-BB-expressing cell populations could prevent aberrant vessel development and lead to normal angiogenesis. Although highly branched networks of short regular capillaries were induced (Fig. 1E) , aberrant structures similar to those observed with VEGF alone could always be found (Fig. 1F, G) . To determine whether the induction of aberrant angiogenesis depended on the relative dose of VEGF and PDGF-BB, we varied the ratio of the two populations in the implanted mixture. V cells were kept constant at 50%, and P cells were decreased to 20, 10, 5, and 1% (P 20 , P 10 , P 5 and P 1 , respectively), with the remainder being made up of control cells. Alternatively, P cells were maintained at 50%, and V cells were similarly decreased to 20, 10, 5, and 1% (V 20 , V 10 , V 5 , and V 1 , respectively). When PDGF-BB-expressing cells comprised just 1% (P 1 ), only VEGF-induced aberrant structures were detected. However, as the proportion of P cells increased, the propor- tion of normal capillary networks increased (Fig. 1H, J) , but aberrant structures were still always present, even when only 1% of cells expressed VEGF (Fig. 1I, K) . Therefore, irrespective of the ratio of cells expressing VEGF to PDGF-BB, aberrant angiogenesis was consistently observed. These findings suggest that normal angiogenesis cannot be reliably achieved when the two factors are randomly localized in the cellular microenvironment due to secretion by distinct muscle cells.
In a second approach designed to ensure colocalization of VEGF and PDGF-BB, we generated cell populations in which each nucleus expressed both factors. Sequential transduction with two independent constructs ensured coexpression of the factors in each cell, but at random ratios due to differential vector uptake ( Fig. 2A) . The resulting population produced similar amounts of VEGF as V cells (132.7Ϯ1.7 ng/10 6 cells/d) and of PDGF-BB as P cells (54.6Ϯ3.4 ng/10 6 cells/d). After in vivo implantation, coexpression of the two factors at random ratios yielded extensive orderly capillary networks, but aberrant angioma-like structures were also always present (Fig. 2B, C) .
Coordinated expression of VEGF and PDGF-BB using a bicistronic vector produces uniformly normal and mature vessels
In a third approach, we aimed to achieve colocalized expression of both factors in fixed relative amounts (coordinated expression). Myoblasts were transduced with a bicistronic construct [designated VIP for VEGFinternal ribosomal entry site (IRES)-PDGF-BB; Fig.  2D ], which ensures the translation of both sequences from a single mRNA (22) . Two cell populations were generated by different numbers of transduction rounds (VIP low and VIP high ). VIP low cells expressed 58.9 Ϯ 5.8 ng of VEGF and 9.7 Ϯ 0.7 ng of PDGF-BB/10 6 cells/d. VIP high cells expressed 107.9 Ϯ 6.2 ng of VEGF and 26.5 Ϯ 1.6 ng of PDGF-BB/10 6 cells/d. FACS analysis showed that transgene expression in all populations was heterogeneous on a cell-by-cell basis, as evidenced by staining for the coexpressed cell-surface marker CD8a (data not shown), which has been shown to correlate directly with the amount of transgene production in individual cells (23) . Following implantation into muscles, coordinated coexpression by both VIP populations induced a well-structured vasculature, with highly branched networks of homogeneously sized capillaries in all sites (Fig. 2E-G) . Remarkably, even though VIP high cells expressed heterogeneous VEGF levels similar to the V population, no aberrant structures were ever observed. As a measure of the amount of vasculature induced, VLD was determined in the implanted muscles. The results for this and subsequent analyses are shown for VIP high cells, although VIP low implantations yielded equivalent findings. PDGF-BB alone did not increase the amount of vasculature. VEGF alone led to somewhat reduced VLD due to the replacement of normal capillaries with hyperfused bulbous structures (ref. 24 and Fig. 2H ). By contrast, coordinated coexpression led to a 75% increase in VLD compared with controls. Thus, the extent of vasculature induced was greatly increased by VIP cells.
Vessel diameter distribution is a quantitative measure of vessel size homogeneity, a feature of normal vasculature. As shown in Fig. 2I , normal capillaries in control areas were homogeneous, with a median diameter of 6.8 m. PDGF-BB alone caused a nonsignificant enlargement (median diameter 7.7 m, Pϭn.s.) with no increase in the range of size distribution relative to controls. By contrast, VEGF-induced vessels not only were substantially dilated (median diameter 21.8 m, PϽ0.001) but also exhibited a marked increase in size heterogeneity. Notably, coexpression of VEGF and PDGF-BB by VIP high cells prevented aberrant dilation and led to only a moderate increase in the median vessel diameter to 8.7 m (PϽ0.05), while preserving size homogeneity.
To determine whether the vessels induced by VIP cells were mature, we evaluated whether they acquired pericytes necessary for stabilization (25) . Normal muscle capillaries were uniformly covered with pericytes, which expressed NG2 and lacked ␣SMA (Fig. 3A) . By contrast, the aberrant structures induced by VEGF alone lacked typical pericytes and were coated by a thick smooth muscle layer (Fig. 3B) . PDGF-BB alone led to the accumulation of NG2-positive pericytes between muscle fibers, in accordance with previous reports (26) , but no increase in vasculature (Fig. 3C) . By contrast, coordinated expression of both factors by VIP cells led to coverage of new vessels with normal pericytes, which were also found to be embedded in the vascular basement membrane, in close contact with the endothelium (Fig. 3D, E) .
PDGF-BB coexpression via a bicistronic vector does not affect transient induction of vascular leakage by VEGF
An increase in endothelial permeability is an intrinsic property of VEGF-induced angiogenesis. PDGF-BB expression did not increase plasma extravasation above basal levels at any time point (Fig. 4A) , whereas, as we previously observed (3), VEGF-induced vascular leakage was transient, peaked at 4 d, and subsided by 2 wk. PDGF-BB coexpression did not inhibit the initial surge in VEGF-induced vascular leakage, which also decreased at 1 and 2 wk. As total plasma leakage depends directly on the surface of induced vasculature, the total amount of extravasated Evans blue (ng) was normalized to the total vessel surface (mm 2 ) in the areas of effect 2 wk after implantation of CD8, P, V, or VIP high myoblasts. As shown in Fig. 4B , extravasation from vessels induced by both VEGF alone and together with PDGF-BB was actually less than from normal vessels in areas implanted with control and PDGF-BB-expressing myoblasts (Fig. 4B) . These results show that VEGFinduced leakage is transient and is not affected by PDGF-BB coexpression. 
PDGF-BB delivered via a bicistronic vector normalizes the remodeling of VEGF-induced vessels
To understand how PDGF-BB prevented the generation of angioma-like structures by uncontrolled VEGF expression, we investigated the early stages of vascular growth after factor delivery. A time course (Fig. 5) revealed that, 4 d after myoblast implantation, the initial response to VEGF overexpression was a marked circumferential enlargement of preexisting vessels, similar to the previously described "mother" vessels (ref. 27 and Fig. 5C ), that were almost devoid of pericytes (Fig.  5E ) and rapidly remodeled into bulbous smooth muscle-covered structures by 7 d (Fig. 5G) . PDGF-BB coexpression did not affect initial vessel enlargement by VEGF (Fig. 5D ), but it prevented the early loss of pericytes, which instead accumulated in the interstitial space between activated vessels by 4 d (Fig. 5F ), and converted vascular remodeling to a network of mature homogeneous capillaries by 7 d, with pericytes in close contact with the endothelium (Fig. 5H) 
001).
These data show that PDGF-BB expressed in a fixed ratio using a bicistronic vector normalizes the effects of VEGF even when expressed at high levels.
The balance between VEGF and PDGF-BB dosage regulates the switch between normal and aberrant angiogenesis
To further assess whether the induction of normal or aberrant angiogenesis by specific VEGF doses depends on PDGF-BB signaling, we performed loss-and gain-offunction experiments (Fig. 6) . Specific low and high VEGF levels (70 and 120 ng/10 6 cells/d, respectively) were homogeneously expressed by clonal populations of transduced myoblasts, in which every cell produced the same amount of factor. These populations induced normal and aberrant angiogenesis respectively (Fig. 6B,  E) , as described previously (3) . In a loss-of-function approach, blockade of endogenous PDGF-BB was achieved by coexpression of a truncated soluble form of PDGF receptor-␤ (sPDGFR-␤; ref. 28 ). In the presence of low VEGF levels, expression of sPDGFR-␤ led to many aberrant structures in all implantation sites (Fig.  6A ), similar to those induced by high VEGF alone (Fig.  6E) . In addition, angioma-like angiogenesis induced by high VEGF levels developed faster and more extensively when sPDGFR-␤ was expressed (Fig. 6D) . In gain-offunction experiments, we used clonal populations derived from the heterogeneous VIP population described in Fig. 2 , which expressed similar low and high VEGF levels to those of the V clones (VIP low : 74 ng VEGF/10 6 cells/d; VIP high : 141 ng VEGF/10 6 cells/d). Coexpression of exogenous PDGF-BB did not affect normal angiogenesis induced by low VEGF alone (Fig.  6C ), but completely prevented the aberrant structures induced by high VEGF alone, yielding uniform branched capillary networks (Fig. 6F) , confirming the results seen with the heterogeneous populations (Fig.  2) . Expression of sPDGFR-␤ (Fig. 6G) , like control cells (Fig. 6H) or PDGF-BB alone (Fig. 6I) , did not affect preexisting vascular networks. Together, these results show that the induction of normal or aberrant angiogenesis depends on the relative dosage of VEGF and PDGF-BB and consequent signaling, rather than on a specific VEGF dose.
Coordinated expression of VEGF and PDGF-BB by bicistronic delivery leads to functional collaterals and reversal of ischemia
To test the efficacy of balanced coexpression of VEGF and PDGF-BB, we tested the functional effects of VIP cell implantation in a hindlimb ischemia model. The distal thigh muscles of SCID mice were injected with either vehicle or 8 ϫ 10 6 myoblasts expressing ␤-galactosidase, VEGF alone, PDGF-BB alone, or the VIP bicistronic vector encoding both factors immediately after induction of ischemia (22) and analyzed 2 wk later. H&E staining of ischemic muscles confirmed the presence of tissue damage, with centralized nuclei in the myofibers and infiltration of inflammatory cells (data not shown). PDGF-BB cells recruited pericytes, but did not induce angiogenesis (Fig. 7A, B) , similar to their effects when transplanted into nonischemic muscles. VEGF cells moderately increased vascular density compared to control cells (Fig. 7B ), but many vessels were angioma-like, devoid of pericytes, and encompassed by smooth muscle cells (Fig. 7A) . By contrast, both VIP low and VIP high cell populations led to significant growth of uniformly normal, pericyte-covered capillaries (Fig. 7A, B) .
Notably, only VIP cells led to significant functional improvement in ischemic muscles. Both efficient angiogenesis and arteriogenesis were detected. Tissue perfusion was restored and damage repaired. Blood flow in ischemic muscles (Fig. 7C ) was unaffected by either control or PDGF-BB-expressing cells and only moderately increased by VEGF alone. By contrast, balanced factor coexpression by VIP cells significantly improved perfusion to greater than nonischemic levels. Similarly, collateral growth was substantially increased only when coexpression occurred, and the number of collateral arteries doubled (Fig. 7D) . Consistent with these angiogenic effects, while neither VEGF nor PDGF-BB alone greatly altered the percentage of damaged myofibers, coordinated coexpression by VIP cells led to a remarkable reduction in muscle damage by Ͼ50% (Fig.  7E) . These findings provide compelling evidence that coordinated coexpression of the two factors using the bicistronic VIP vector had a major functional impact on ischemic limb muscles, restoring blood flow and reducing tissue damage. Figure 6 . The balance between VEGF and PDGF-BB signaling controls whether angiogenesis is normal or aberrant. Clonal myoblast populations, homogeneously expressing specific low (B) or high (E) VEGF levels, induced normal and aberrant angiogenesis, respectively. Loss-of-function experiments, in which endogenous PDGF-BB was blocked by delivery of soluble PDGFR-␤, led to aberrant angiogenesis even in the presence of low VEGF levels (A) and accelerated it in the presence of high VEGF levels (D). Conversely, gain-of-function experiments in which PDGF-BB was coexpressed at coordinated levels by VIP clones did not affect normal angiogenesis by low VEGF (C) but abrogated the development of aberrant vessels by high VEGF (F). Expression of soluble PDGFR-␤ alone (G) or PDGF-BB alone (I) did not cause any angiogenic effect compared to control cells (H). Arrows (A, E) indicate aberrant angiomalike structures. Scale bars ϭ 25 m; n ϭ 5/group.
Gene transfer via adenoviral delivery of a bicistronic vector encoding VEGF and PDGF-BB induces uniformly normal angiogenesis
We sought to broaden our extensive findings using a model myoblast-mediated gene delivery system to a gene delivery system appropriate for clinical translation as a gene therapy approach. Accordingly, we tested whether coordinated expression of VEGF and PDGF-BB from a single bicistronic cassette could lead to normal angiogenesis irrespective of VEGF levels. For this purpose, four different adenoviral vectors were produced, expressing the same cassettes as the retroviral vectors used to generate the CD8, V, P, and VIP myoblast populations described above, and were named Ad-CD8, Ad-VEGF, Ad-PDGF, and Ad-VIP, respectively. Effective growth factor production by the recombinant adenoviruses was confirmed by ELISA on supernatants after in vitro infection of HEK293 cells.
We injected 1 ϫ 10 8 infectious units of each virus into the posterior auricular muscles of SCID mice. Intravascular lectin staining 2 wk later showed that both Ad-CD8 and Ad-PDGF vectors did not affect the preexisting vascular networks (Fig. 8A, B) , whereas Ad-VEGF caused the widespread appearance of aberrant angiomalike structures of heterogeneous sizes and irregular shapes (Fig. 8C) , similar to those induced by myoblasts expressing VEGF alone. By contrast, coordinated PDGF-BB expression by the Ad-VIP bicistronic vector prevented all instances of aberrant angiogenesis and induced only the growth of homogeneous normal capillaries (Fig. 8D ), in agreement with the myoblastmediated gene delivery system.
These experiments were corroborated in the limb were assessed on the distal thigh muscles (quadriceps femoris and biceps femoris), where cells were injected. Collateral growth (D) was assessed in the proximal adductor muscle, which is anatomically remote from the injection sites, and muscle damage (E) was determined in the calf muscles (tibialis anterior and gastrocnemius), where ischemia was maximal. A) Immunostaining of vessels in implanted muscles with antibodies against endothelial CD31 (PECAM; red), pericyte NG2 (green), or smooth muscle ␣SMA (blue). Scale bar ϭ 50 m; n ϭ 5-7. B) VLD quantification (micrometers of vessel length per muscle fiber in the area of effect, nϭ5-7) in the treated muscles (blue bars) and contralateral nonischemic muscles (white bars). C) Relative blood flow in ischemic muscles (percentage of the contralateral nonischemic leg, nϭ5-7). Dotted line represents normal flow (100%). D) Number of collaterals in the proximal adductor muscle group of treated legs (nϭ3). E) Damaged tissue in ischemic calf muscles of treated limbs (percentage area of the total muscle on histological sections, nϭ5-6). *P Ͻ 0.05; **P Ͻ 0.01.
muscles by injection of the viral vectors into the tibialis anterior. Immunostaining of frozen tissue sections showed that the Ad-PDGF vector did not induce any angiogenesis above that of the control Ad-CD8 vector (Fig. 8E, F) . Aberrant vasculature was induced by the Ad-VEGF vector (Fig. 8G) . By contrast, Ad-VIP vector injection caused the efficient growth of mature, pericyte-covered capillaries (Fig. 8H ) and prevented the appearance of aberrant, smooth muscle-covered angioma-like structures. These data lend further support to the finding that gene therapy via adenoviral delivery of a bicistronic vector encoding both VEGF and PDGF-BB to muscles of the leg, which are the targets of ischemia, leads to normal angiogenesis.
DISCUSSION
An unresolved therapeutic challenge is to achieve effective induction of angiogenesis leading to reversal of limb ischemia by growth factor delivery, a problem of major magnitude in the United States, as ϳ100,000 limb amputations occur every year due to untreatable peripheral vascular disease (1). Using our myoblastmediated gene delivery model system, which facilitates testing of variables in a well-controlled manner, we previously showed that low-level VEGF expression gives rise to orderly vasculature, whereas high-level VEGF leads to aberrant structures that eventually evolve into hemangiomas (3, 5 ). Here we demonstrate that the induction of normal or aberrant angiogenesis depends on the relative expression levels of VEGF and PDGF-BB, rather than on a specific amount of VEGF. Balanced coexpression of VEGF and PDGF-BB in a fixed relative ratio was achieved using a single bicistronic vector and resulted in homogeneously normal angiogenesis, irrespective of VEGF levels. Notably, the results obtained using two independent bicistronic gene delivery platforms were similar. The beneficial effects on angiogenesis of retrovirally transduced myoblasts were corroborated by a clinically relevant gene therapy approach entailing direct injection into muscles of adenoviral vectors. Taking advantage of the high degree of control afforded by myoblast-based gene transfer, we tested various means of delivering the two factors: high-level expression of VEGF and PDGF-BB in separate populations of juxtaposed cells; different ratios of these cell populations skewed either toward VEGF or PDGF-BB; or high-level coexpression of VEGF and PDGF-BB in each cell by sequential transduction of two different vectors. In each case, although a remarkable network of orderly vasculature resulted, which was far better than that seen with VEGF alone, aberrant angioma-like vessels were also detected. In agreement with our findings with myoblast-mediated gene delivery, codelivery of VEGF and PDGF-BB by two separate adenoviral vectors led to angiogenesis with defective pericyte recruitment (26) . We hypothesized that absolute levels of the two factors were not as important as the relative dosage present in the microenvironment of the growing vessels, so that both endothelial cells and pericytes would be exposed to similar balanced growth factor stimulation. A single bicistronic vector, VIP, ensured both colocalization and a fixed ratio of VEGF to PDGF-BB around each cell (coordinated coexpression) when delivered either by myoblasts or by adenoviral vectors. The data presented here show that, irrespective of the markedly different absolute levels of the two factors expressed, two independent VIP cell populations induced a large increase in histologically normal and mature vasculature. Notably, this balanced, spatially and temporally coordinated expression of both growth factors led to an increase in functional blood vessels, efficient collateral arteriogenesis, reduced muscle damage, and correction of muscle ischemia. To ensure that effective muscle perfusion was measured, rather than effects on the superficial skin layer, blood flow was determined by fluorescent microsphere counting in histological sections, as this method represents the gold standard and is routinely used to validate results obtained with new techniques (29) .
VEGF has been shown to negatively regulate pericyte function by inhibiting PDGFR␤ phosphorylation through the formation of a nonfunctional VEGFR2/ PDGFR␤ complex (19) . Consistent with this report, we found that VEGF expression alone leads to initial vessel enlargement with an almost complete loss of pericytes. Our data extend these findings by demonstrating that the antipericyte effect of VEGF can be completely overcome by balanced coexpression of PDGF-BB in the same cells, preventing pericyte loss at 4 d and producing homogeneous capillary networks at 7 d. Thus, our data highlight that balanced levels and spatial colocalization of VEGF and PDGF-BB are both essential for optimal therapeutic benefit. Furthermore, although in physiological angiogenesis PDGF-BB is produced by endothelial cells (30 -32) , our results show that this cell source is not essential for normal vessel formation, provided that VEGF and PDGF-BB are produced in spatiotemporally colocalized gradients and balanced amounts. In fact, it should be noted that, contrary to previous observations of inadequate pericyte coverage on codelivery by two separate adenoviral vectors (26) , coordinated coexpression from a single bicistronic adenovirus both restored physiological pericyte recruitment and ensured complete normalization of newly induced vasculature. These findings suggest that this balance is necessary and sufficient for effective therapeutic angiogenesis in ischemic muscle.
In the present experiments, VEGF and PDGF-BB were expressed simultaneously by the bicistronic vector. Because of the success of this approach, we did not determine whether sequential expression of the two growth factors was even more efficacious than simultaneous expression. Nonetheless, our findings suggest that early expression of PDGF-BB did not limit VEGFdriven capillary growth. The larger amount of vessel growth found with synchronous expression of the two growth factors, compared to expression of VEGF alone, argues that increased pericyte recruitment within the first 4 d did not have a net negative effect on angiogenesis.
Critical to our findings was the delivery of the angiogenic factors to skeletal muscle, the clinically relevant target for treatment of peripheral ischemia. Others have studied VEGF and PDGF-BB interaction in nonmuscle tissues and observed different effects. Although PDGF-BB is proangiogenic in the chicken chorioallantoic membrane and in Matrigel plug assays (19) , it does not induce angiogenesis either in normal or ischemic skeletal muscle (26) . Furthermore, PDGF-BB expression in the cornea does not correct the aberrant features of VEGF-induced vessels (18) , by contrast with its effects in skeletal muscle. Thus, these growth factors are context-dependent and their effects cannot be readily extrapolated across tissues.
Most striking was the functional impact of coordinated VEGF and PDGF-BB delivery to ischemic limb muscles of mice. The extent and morphology of the induced vasculature caused not only increased angiogenesis but also a doubling of collateral arteries. This, in turn, led to increased tissue perfusion and substantially reduced muscle damage assessed by myofiber integrity. All of these functional changes were observed only with VIP cells, not V, P, or control cells.
Our results have major implications for therapeutic angiogenesis. VEGF gene delivery has a narrow therapeutic window for the treatment of muscle ischemia (16, 17) , which has hindered use of gene therapy vectors (2) . Based on our findings using adenoviral vectors, we predict that balanced expression of VEGF and PDGF-BB in the same cells using viral delivery of a single bicistronic vector will overcome this problem, enabling safe and efficacious gene therapy for angiogenesis in patients with limb ischemia.
